Aims. We aim to constrain new starburst/AGN models of IRAS bright galaxies via their spectral energy distribution from the nearinfrared to the radio. To this end, we determine the radio spectra for a sample of 31 luminous and ultraluminous IRAS galaxies (LIRGs/ULIRGs). Methods. We present here new high frequency VLA observations at 22.5 GHz and 8.4 GHz and also derive fluxes at other radio frequencies from archival data. Together with radio data from the literature, we construct the radio spectrum for each source. In the selection of data we have made every effort to ensure that these fluxes neither include contributions from nearby objects, nor underestimate the flux due to high interferometer resolution.
Introduction
The nature of the power source for ULIRGs remains a much debated issue. The presence of either an AGN or a starburst in a given source is not evidence that one or the other is the principal power source for the infrared luminosity. The observation that ULIRGs fall on the same FIR-radio correlation as star-forming galaxies (e.g. Sopp, Alexander & Riley, 1990 ) was taken as evidence that these sources are powered predominantly by star formation. Analogous correlations exist between the Brγ luminosity and far-infrared luminosity (Goldader et al. 1997 ) and dense molecular gas mass and far-infrared luminosity (Gao & Solomon, 2004) . However, evidence that AGN activity is not independent of starburst activity have made such conclusions less secure. Farrah et al. (2003) show, in fact, that AGN and starburst luminosities are correlated over a wide range of IR luminosities. As ULIRGs may commonly host both an AGN and a starburst, their relative contributions need to be quantified.
Apart from the rarity of ULIRGs (there is no example closer than Arp 220 at 72 Mpc) their study is made difficult by the large and uncertain extinctions toward their centres. In many cases the extinction is not even negligible in the mid-infrared; it is likely that Hα emission detected from a ULIRG does not originate from the deeply embedded regions where the FIR luminosity is generated. The less extinguished, outer regions of a ULIRG may host a certain rate of star formation that causes a certain amount of Hα emission but this could be quite independent of whether it hosts a central starburst or an AGN. Murphy et al. (2001) find very few broad near-infrared lines in ULIRGs that would be the signature of an AGN, but note that very high extinctions could exclude their detection even at 2 µm. Flores et al. (2004) recently showed that even when corrected by Hγ data, the Hα luminosity can underestimate the star formation rate by a factor of 2 for ULIRGs. Both Goldader et al. (1995) and Valdés et al. (2005) find that near-infrared recombination lines (Paα and Brγ) are under-luminous in ULIRGs compared with what would be expected from a starburst of similar bolometric luminosity. Their results indicate that even near-infrared observations may not penetrate the most obscured regions in these sources. This picture is consistent with the conclusions of Poggianti et al. (2001) that the extinction in the centre of ULIRGs is a function of the age of the star formation episode, with younger stars being more heavily extinguished, as introduced by Silva et al. (1998) to describe star forming regions. The lack of correlation between super star clusters and HII regions found in luminous infrared galaxies by Alonso-Herrero et al. (2002) also supports a scenario of age-dependent extinction. In order to estimate the star formation rate in these sources tracers that do not suffer extinction are preferred.
Perhaps the most direct way to determine the power source in ULIRGs is via radio recombination lines that trace the ionized gas without suffering extinction. Observations of several lines between 1.4 and 207 GHz of Arp 220 have been used by Anantharamaiah et al. (2000) to show that this source is powered by star formation. Unfortunately, very few ULIRGs are accessible observationally to these kind of observations with existing instruments.
One approach which has been used to distinguish between AGN and starburst power sources in ULIRGs has been to search for very compact radio continuum emission towards the nucleus or nuclei. Interestingly, radio sources of similar physical sizes have been identified as both AGN and compact starbursts, depending on the resolution of the observations. Nagar et al. (2003) use 15 GHz radio continuum data with a resolution of 150 mas to investigate the nature of 83 ULIRGs. One argument used by these authors to conclude that most ULIRGs are AGN powered is the compactness of the radio sources detected. The resolution of their data corresponds to 420 pc at the median redshift of their sample. However, the supernovae (SNe) detected in the NW nucleus of Arp 220 Lonsdale et al. 2006 ) are within a region 0 .
′′ 2 × 0 . ′′ 4 (75 × 150 pc). Both of these studies found that no AGN is necessary to explain the IR luminosity of Arp 220. As long as the brightness temperature does not exceed 10 6 K the compactness of radio nuclei alone does not support an AGN hypothesis.
Rather than look at the radio morphology, we examine the spectrum of the radio emission. In star-forming galaxies the radio spectrum is made-up of two components: a non-thermal, synchrotron component and a thermal, 'Bremsstrahlung' component, often referred to as 'free-free' emission. At GHz frequencies, the synchrotron spectrum, S ν ∝ ν α , has a typical power-law slope, α ∼ −0.8, while the free-free emission has a much flatter slope, α = −0.1. Free-free emission thus makes a larger contribution at higher radio frequencies, so that the radio spectrum flattens at high frequencies. Half of the radio flux is expected to be of thermal origin at ∼ 20 GHz (Condon, 1992) . Towards lower radio frequencies (below 1 GHz in nonstarburst galaxies) the free-free optical depth becomes large and the (synchrotron-dominated) radio spectrum shows a sharp decline due to free-free absorption (see Fig.4 of Condon, 1992) . In sources with very intense star-formation, free-free absorption may be expected to occur at higher frequencies than in quiescent objects; the 1.4 GHz fluxes from such objects are probably affected.
In principle, a measure of the thermal radio flux from a ULIRG would be an excellent measure of the star formation rate, because, being emitted by the same gas from which recombination lines originate, it traces gas ionized by young stars. Absorption of ionizing photons by dust may complicate this picture slightly (Valdés et al, 2005) but the main difficulty is in estimating the thermal fraction. Although the fractional contribution from thermal emission to the total radio flux increases with frequency, the radio emission from ULIRGs is dominated by synchrotron radiation even at frequencies above 15 GHz. As we will see later, the radio spectral indices around 15 GHz are normally much steeper than the -0.1 expected from a purely thermal spectrum. The motivation for the 22 GHz observations described here was to better constrain the thermal radio flux.
Because the thermal radio flux provides an estimate of the present star-formation rate, it is important in fitting starburst/AGN models to the spectral energy distribution (SED) from the near-infrared to the radio. Bressan, Silva & Granato (2002) showed that deviations from the FIR/radio correlation could be used to derive the evolutionary status of a compact starburst. Such deviations are expected in bursts of short duration because at early times (a few ×10 6 yr) even the most massive stars formed in the burst will not have ended their lives as supernovae and no excess synchrotron emission should result from the starburst activity. Such young sources then, should have a FIR/radio ratio above the mean FIR-radio correlation and should have flatter radio slopes due to the greater ratio of thermal/synchrotron emission. In Prouton et al. (2004) we illustrated the power of this technique with special emphasis on high frequency radio data. A second paper, Vega et al. (2007) , hereafter paper 2, will be concerned with the model fits to the SEDs from the near-infrared to the radio.
Here we present new radio data at 22.5 and 8.4 GHz, as well as archival radio data which has been re-reduced, and radio fluxes from the literature. The result is a set of 31, well-sampled radio spectra for infrared-luminous galaxies. In § 2 we describe the sample selection and in § 3 the data acquisition and reduction. In § 4 we describe the radio spectra in detail, and in § 5, the implications of these spectra when compared to far-infrared fluxes and the FIR-radio flux ratio, q. Conclusions are reached in § 6. In an appendix we comment on individual objects and present the radio spectra in tabular form.
Sample selection
We have based our sample on that of Condon et al. (1991a) who made 8.4 GHz observations of the 40 ULIRGs brighter than 5.25 Jy at 60 µm in the IRAS Bright Galaxy Sample. In Prouton et al. (2004) we observed 7 of the ULIRGs observed by Condon et al. but restricted our attention to objects with a ratio of FIR to 1.4 GHz luminosity q ≥ 2.5, in an attempt to preferentially select young starbursts. Here we have relaxed this restriction on q so as to maximize the sample size and include more diverse objects, and have observed a further 18 sources at 22.5 GHz. The remaining sources were either too weak for observation at 22 GHz or were too confused with nearby sources to construct a reliable SED. We also re-observed 7 sources at 8.4 GHz for which the high resolution observations of Condon et al. (1991a) could not provide reliable integrated fluxes. Our final sample is therefore not a far-infrared flux limited sample like that of Condon et al., but simply contains all those brighter than 5.25 Jy at 60 µm for which an integrated 22.5 GHz flux could be reliably obtained.
In addition to the new high frequency observations, we have obtained, either from the literature or from reduction of archival VLA data, radio fluxes at as many frequencies as possible. In total, of the 40 ULIRGs of the sample of Condon et al., 31 have radio data at 3 or more frequencies and 29 of these have fluxes at 22.5 GHz.
All our sample galaxies are at a redshift z < 0.1. The weather conditions on August 13 were not ideal for high frequency radio observations, data were taken in the presence of thunder storms. As water vapour affects the measured flux for a given source at 22 GHz, and the flux calibrator may have been observed through a different cloud density than some of the phase calibrators, the bootstrapping of the phase calibrator fluxes to those of the flux calibrators is not guaranteed to work. After flux calibration based on the  component models for 3C 286 and 3C 48 provided by NRAO the phase calibrator fluxes were within 20% of those given by the VLA calibrator database. Only in the case of 1310+323 (the phase calibrator for UGC 8387) was there a larger discrepancy (a factor of 2 less than given in the database).
Observations and data reduction
Maps were made using 'natural' weighting in the uv-plane and in the case of UGC 6436, IZW 107 and IRAS 14348-144 a uv-taper of 30 kλ was applied to avoid the possibility of missing flux due to extended but weak structure. The final maps, shown in Fig. 1 , had a typical resolution of 4 ′′ (6 ′′ where tapered) and after ing had a typical rms noise level of 0.12 mJy/beam. Fluxes were measured by direct integration on the maps. These fluxes (reported in table 1) have errors which include the rms noise and the flux calibration errors described above.
8.44 GHz observations were made on 2005, July 12, 20 and 27 with the C-configuration of the VLA. Integration times of 11 to 14 minutes were used and interleaved with observations of nearby phase calibrators. 3C 286 and 3C 48 were used as absolute flux calibrators and, as for the 22 GHz data, calibration made use of  component models for these sources. Derived fluxes for all phase calibrators agreed with those in the VLA calibrator database to better than 5%. All sources were also self-calibrated to correct for phase only. Maps were made by natural weighting the uv-data and ed in the standard way. Resolution and rms in the resulting maps were typically 3 ′′ and 0.03 mJy beam −1 . The radio maps for these sources are presented in Fig. 2 and the corresponding integrated fluxes in table 2.
Archival VLA data
In addition to the above data and fluxes taken from the literature the VLA archive was searched for data at additional frequencies so as to maximize the coverage of the radio spectrum. Data suitable for the measurement of integrated fluxes 1 were downloaded and reduced following standard procedures. Where the sources were of sufficient strength, a single iteration of self-calibration was applied allowing for the correction of antenna phases only. Fluxes were measured by direct integration on the ed maps and are presented in table 3. For UGC 08058 (Mrk 231) archival data were downloaded and reduced, despite the presence of measured fluxes in the literature, because of evidence that the radio emission from this source is variable. A significant fraction of its radio flux must therefore come from an AGN. The 5 fluxes listed in table 3 were all measured on the same date. The maps of sources reduced from the VLA archive are shown in Fig. 3 . All calibration and mapping was carried using the NRAO Astonomical Image Processing System (). The radio fluxes for our sample galaxies (in the range 100 MHz to 100 GHz) are listed in table 1 in the appendix, along with notes on selected sources.
Data at other frequencies
In order to make comparisons between our radio data and infrared data, we also collected J,H and K-band fluxes from the 2MASS Extended Source Catalogue (Jarrett et al., 2000) and 12, 25, 60 and 100 µm fluxes from the IRAS Faint Source Catalogue (Moshir et al., 1990) .
In the collection of fluxes at other frequencies from the literature, care was taken to ensure that the fluxes were not confused or, in the case of interferometric radio data, underestimated due to high resolution. While most sources are compact and do not have other strong sources nearby, a small number of sources required corrections to some fluxes.
Confusion is most likely to be a problem for the IRAS fluxes due to the very low resolution. To try to quantify any possible problems with confusion in the absence of a higher resolution FIR survey, we used the NVSS and the far infrared-radio correlation. In those cases where an unrelated radio source was within the IRAS beam we reduced the IRAS flux by the fractional contribution of this source in the radio. Few sources were affected, but one source (IRAS 03359+1523) has its FIR emission confused with a source of similar strength. Because the error on a correction of this scale would render the fluxes unreliable this source will not be considered in the model fitting described in paper 2. The ULIRGs for which the IRAS fluxes were reduced because of the presence of a nearby contaminating source were as follows: UGC 6436 (26%), IRAS 12112+0305 (15%), NGC 6286 (6%), UGC 5101 (8%).
The full list of fluxes for the sample galaxies from the nearinfrared to the radio will be presented in paper 2, where they are used to model the spectral energy distributions. Table 4 . Far-infrared-radio flux ratios, q, at 1.4 and 8.4 GHz and radio spectral indices for the whole sample in various frequency ranges. The value of FIR = 1.26 × 10 −14 (2.58 S 60 + S 100 ), as used to calculate q, is also given. 2.58 ± 0.14 2.84 ± 0. 
Results

Radio spectral indices
Before describing the observed radio spectra, we recall the expected, general form of the radio spectrum for a compact starburst, as outlined in § 1. At frequencies, ν ∼ 10 GHz, a steep synchrotron spectrum dominates, with S ν ∝ ν α , α ∼ −0.8. At both lower and higher frequencies the spectrum may be expected to flatten due to free-free absorption (low frequencies) and freefree emission (high frequencies).
In fig. 4 we show the radio spectra for all our sources and table 4 lists the radio spectral indices, α, for the sample objects in several frequency ranges. Also shown are the far-infrared-radio flux ratios, q = log(FIR/3.75 × 10 12 Hz)/S ν , where S ν is the radio flux in units of W m −2 Hz −1 (Condon et al., 1991a) . We will use the notation, q 1.4 , to refer to this quantity calculated at 1.4 GHz.
The mean value of α between 1.4 and 4.8 GHz (α fig. 4 . At low frequencies, the flatter spectra are probably due to free-free absorption. However, the fact that the spectra steepen to frequencies as high as 22.5 GHz is unexpected, since these sources should have very significant free-free emitting components, which would tend to flatten the spectra at high frequencies. Some sources even show spectral indices, α In Fig. 5 we show how the radio spectral index is related to q. There is a clear tendency for higher values of q 1.4 to be associated with radio spectral indices which are flatter, on average, from 1.4 to 22.5 GHz. There is also a clear correlation between q 1.4 and α 8.4 . Therefore, despite the fact that the average source shows a radio spectrum which steepens towards higher frequencies, flatter spectral indices tend to occur in sources with higher q 8.4 . This is expected if the synchrotron emission is powered by supernova explosions because of the delay between the formation of massive stars and the occurrence of the first supernovae.
The trend for higher values of q to be associated with flatter radio spectra over the whole range from 1.4 to 22.5 GHz, α 1.4 22.5 , will be used as a constraint on the starburst age in the model fitting of paper II.
Possible AGN contribution to the radio fluxes
If there are ULIRGs in our sample that contain an AGN it is possible that this AGN contributes to the radio flux of the source. If the power-law index of the radio emission is different from that of the star formation we may expect to see a correlation between the radio spectral index and the near-infrared colours, which are sensitive to the presence of an AGN. In fig. 6 we plot the radio spectral index against the near-infrared colour index (J-K). There is no indication of a general correlation, which suggests that most sources do not contain a radio loud AGN. However, we do note that UGC 8058 (Mrk 231) which has the highest value of (J-K) also has a very flat radio spectral index. As mentioned above, there is evidence that the AGN in this source is radio loud.
4.3. Radio spectral indices and IRAS colour, ( f 60 / f 100 )
In fig. 7 we plot the radio spectral indices against the IRAS colour ( f 60 / f 100 ). α 22.5 is considered instead. Because warmer IRAS colours are accompanied by larger FIR fluxes (Young et al. 1989 , Soifer et al. 1989 warmer IRAS colours imply higher rates of star formation. Therefore sources with warmer colours should have larger masses of ionized gas. However, the weakness of the correlation between ( f 60 / f 100 ) and α fig. 7 . If warmer IRAS colours were associated with more compact sources, then greater freefree absorption would be seen in warmer sources and a correlation between ( f 60 / f 100 ) and α 1.4 4.8 would result, even if the mass of ionized gas does not change with ( f 60 / f 100 ). Source geometry is considered in more detail in § 5.
Discussion
The radio spectral index and the FIR-radio flux ratio, q
In fig. 4 there are several sources in which both a low and a high frequency spectral flattening are seen (e.g. IRAS 12112+0305). This flattening is due to free-free absorption at low frequencies and free-free emission at high frequencies. However, there are also sources which show evidence of free-free emission at high frequencies, with no sign of free-free absorption at low frequencies (e.g.CGCG436) and others that show signs of free-free absorption, with no sign of free-free emission (e.g. NGC 2623). The simplest explanation for these contrasting radio spectra is probably variations in the compactness of the emitting regions.
For a region of radius r and density N H maintained in ionization equilibrium by a source of ionizing radiation of fixed luminosity, the total ionization/recombination rate, (4/3)πr 3 N 2 H α B , where α B is the recombination coefficient, is constant (Osterbrock, 1989) . The free-free optical depth, τ ff ∝ n 2 e r, for a density of ionized gas n e . Therefore, as long as τ ff remains below unity (certainly true at 22 GHz) the integrated free-free emission, ∝ τ ff r 2 , from a region with fixed ionizing luminosity, is independent of the source size.
However, where this gas absorbs a luminosity source, the absorption is proportional to e −τ ff (foreground screen) and the dependence of τ ff on source size means that the compactness of a region very strongly affects the amount of absorption. For a given ionizing luminosity and synchrotron luminosity, an extended region may show no evidence of free-free absorption at 1.4 GHz, whereas a more compact region will.
This effect is probably behind the the diverse spectral shapes of fig. 4 and is also important in understanding fig. 5 . In considering the relation between the radio spectral indices at various frequencies and q, shown in fig. 5 , it is useful to keep in mind how each are related to the star formation rate. Both the FIR and the integrated free-free emission are expected to be proportional to the current star formation rate. The synchrotron emission is also proportional the star formation rate, but as the emission is delayed by main sequence lifetime of massive stars, it measures the star formation rate ∼ 10 7 years prior to the current epoch. Therefore, in objects characterized by bursts of star formation, such as those in our sample, we expect both α and q 8 M.S. Clemens et al.: Modeling the spectral energy distribution of ULIRGs I: the radio spectra Fig. 6 . The relation between the near-infrared colour J-K and the radio spectral index between 1.4 and 4.8 GHz (top) and 8.4 and 22.5 GHz (bottom). Objects at the extremes of the distributions are labeled.
to be a function of the age of the starburst. Values of q are higher where the current star formation rate is greater than that ∼ 10 7 years ago, and lower where the star formation rate has declined. In this scenario, q is a measure of the "age" of a starburst, with higher values associated with younger objects.
In fig. 5 , as well as the correlations between q 1.4 and α implies that the age of the starburst is not the only effect.
Because source compactness strongly affects the amount of free-free absorption, but does not affect the free-free emission (for τ ff ≪ 1) the presence of free-free emission at 22.5 GHz does not imply the presence of free-free absorption at 1.4 GHz. Therefore, although the youngest sources (highest q 8.4 values) have larger ionized gas fractions, there exists a range of source 
Low frequency radio spectral index and the FIR colour
As we saw in fig. 7 the low frequency radio spectral index α 1.4 4.8 is correlated with the FIR flux ratio f 60 / f 100 . Warmer FIR colours are therefore associated with more free-free absorption. However, we recall that younger sources do not show more freefree absorption (Fig. 5, α 1.4 4.8 vs. q 8.4 ). Together, these imply that the warmest dust is not found in the youngest sources, as has been suggested previously (Vega et al., 2005) . If source compactness has an important role to play in determining the level of free-free absorption at low radio frequencies, then the most compact are those in which the dust is warmest.
High frequency radio spectral indices
A small number of ULIRGs in our sample show surprisingly steep spectral indices at high frequencies. UGC 5101, Arp 299, UGC 8387, UGC 8696, IZw 107, NGC 6286 and NGC 7469 all have radio spectral indices between 8.4 and 22.5 GHz steeper than α = −1. There appears to be either a deficit in the observed flux at 22 GHz or a spectrum that is also very steep at lower frequencies (UGC 5101, IZw 107, NGC 6286). In the case of IZw107 the radio spectrum has a spectral index of α = −1.4 from 4.8 to 22.5 GHz 2 . In those cases where the radio spectra show a steepening towards higher frequencies the spectrum appears to show a break around 15 GHz. This is contrary to what we expect in sources with a large mass of free-free emitting gas. The radio spectrum should flatten at high frequencies due to the increasing importance of the thermal emission (S ν ∝ ν −0.1 ). Although it is conceivable that the mass of free-free emitting gas is reduced by the absorption of ionizing photons by dust, this effect alone cannot produce an observed radio spectrum that steepens towards higher frequencies.
A steepening of the radio spectrum towards higher frequencies is expected in the presence of 'aging' of the relativistic electron population (Condon, 1992) . Because synchrotron (and inverse Compton) losses are greater at higher frequencies (τ sync ∝ ν −0.5 ) higher energy electrons emit synchrotron photons for shorter times than those of lower energies. For an instantaneous injection of relativistic electrons the radio spectrum therefore steepens with increasing frequency. The 'break' frequency which parameterizes this steepening moves to lower frequencies at later times after the injection. Spectral aging effects were considered by Colbert, Wilson & Bland-Hawthorn (1994) to explain the steep radio spectral index in the non-nuclear regions of NGC 6240.
In ULIRGs the electron lifetimes are very short because in a high radiation energy density environment inverse Compton losses would remove all high energy electrons before they could emit synchrotron photons. The observation of synchrotron emission in such sources therefore shows that they must have strong B-fields and short electron lifetimes due to synchrotron losses. Electron lifetimes in the GHz region are shorter not only than a starburst timescale (10 7 − 10 8 yr) but also than the lifetime of the most massive stars (∼ 5 × 10 6 yr). Therefore the production of relativistic electrons cannot be considered instantaneous, but is rather close to a continuous injection approximation.
Under the assumption of continuous injection of relativistic electrons, the radio spectrum can be considered as the superposition of several instantaneously injected populations, each with a different age, and therefore each with a different 'break' frequency. The spectrum which results from the summation of all these components is straight. If the asymptotic change in spectral index for a single component of spectral index, α, is ∆α = −0.5 (such as in the "dynamical halo" model of Lerche & schlickeiser, 1981) then the resulting spectrum has a spectral index α aged = α − 0.5. The radio spectra of all ULIRGs should therefore be steepened by the effects of spectral aging, but we do not expect to detect a down-turn in the spectra towards high frequencies if continuous injection is a good approximation. We note however, that because the spectral break for an aging, instantaneously injected electron population spends little time in the ∼ 10 GHz range (where we observe the putative breaks) the form of the time-averaged spectrum is rather sensitive to stochastic effects in the recent past. Such effects will be important where the supernova rate shows variations on timescales of order the electron lifetime.
Qualitatively, such a stochastic effect could be caused by a radio hypernova, that might have an order of magnitude greater flux than a typical supernova. However, it seems very unlikely that a single such source could effect the integrated radio spectrum of an entire ULIRG. The compact sources mapped in Arp 220 by Lonsdale et al. (2006) account for only 6% of the total flux at 18 cm Lisenfeld et al. (2004) considered various explanations for the high frequency turn-over seen in the synchrotron spectrum of the starburst dwarf galaxy NGC 1569, once the contribution of thermal emission had been subtracted. They concluded that a sharp turn-over could only be achieved by either a rapid temporal variation of the star formation rate or through the preferential escape of low-energy electrons from the galaxy's disk. In NGC 1569 a starburst that started abruptly 10 7 yr ago was found to reproduce the observed break in the synchrotron spectrum. The escape of low energy electrons from the galaxy can produce a break if convection can transport the electrons out of the disk during their radiative lifetime. As the lower energy electrons suffer less synchrotron losses, and therefore emit for longer than high-energy electrons, they can in principle be lost preferentially and cause a break in the spectrum. Lisenfeld et al. (2004) found that a convective wind velocity of 150 km s −1 can reproduce the spectral break in NGC 1569. However, the lifetimes of electrons against radiative losses in ULIRGs should be considerably shorter than in NGC 1569. Under the assumption of energy equipartition between the radiation and magnetic fields, Condon et al. (1991a) estimate electron lifetimes of ∼ 10 4 yr for electrons radiating at 8.4 GHz in the same sample of ULIRGs from which ours were selected, while that in NGC 1569 was estimated to be 5 × 10 6 yr by Lisenfeld et al. Because the supernova rate cannot change significantly over timescales of 10 4 yr 3 and a convective wind could not remove electrons from the sources over similar timescales, none of these mechanisms seem a plausible explanation for a high frequency spectral break in the present sample of ULIRGs.
Although there is no doubt that some sources have steep spectral indices from 1 to 20 GHz, in the majority of cases where a turn-over is seen it is due only to the 22.5 GHz data point (Arp 299, UGC 8696, IRAS 15250+3609). We would require data at a higher frequency (e.g. 43 GHz) for these sources in order to be sure of the spectral bend and warrant a more in-depth discussion.
Conclusions
We have presented new high frequency radio data for a sample of ULIRGs, that, together with re-reduced archival data and fluxes taken from the literature forms a sample of 31 ULIRGS with well-sampled radio spectra. All but 1 source have a measured flux at 22.5 GHz. Every effort has been made to ensure that the fluxes are reliable measures of the integrated radio emission. 10 M.S. Clemens et al.: Modeling the spectral energy distribution of ULIRGs I: the radio spectra This means that the possibility of missing flux in high-resolution interferometer data and of confusing sources in low resolution data has been considered. We find the following, -Few sources have straight power-law slopes. Although the individual spectra show a variety of spectral bends the trend of the mean spectrum is a steepening from 1.4 GHz to 22.5 GHz. Above and below these frequencies data is too sparse to define a meaningful average. -The low frequency radio spectral index between 1.4 and 4.8 GHz is correlated with the FIR-radio flux density ratio q calculated at 1.4 GHz. This correlation is due to free-free absorption of low frequency synchrotron photons by ionized gas. -The high frequency radio spectral index between 8.4 and 22.5 GHz is correlated with the FIR-radio flux density ratio q, calculated at 8.4 GHz. This correlation is due to a higher fractional contribution from free-free emission in sources with higher values of q 8.4 . These are the younger sources. -Given the above correlations the lack of a correlation between the radio spectral index between 1.4 and 4.8 GHz and q 8.4 is evidence that the compactness of the emitting regions plays an important role in defining the slope of the low frequency radio spectrum. -The fact that the low frequency radio spectral index α If the FIR-to-radio flux ratio measured at 8.4 GHz, q 8.4 , is a measure of the age of the star formation in ULIRGs (larger values being 'younger') we find that the youngest objects have a larger contribution to their radio fluxes from free-free emission, but do not have the most free-free absorption. The sources with most free-free absorption are instead those in which the emitting regions are more compact. Although these have the warmest FIR colours, they are not necessarily the youngest sources.
Observations at radio frequencies below 1.4 GHz will be a very effective way of quantifying the effects of free-free absorption in these sources.
In paper 2 these radio spectra, together with data from the radio to the near-infrared, will be used to constrain new models that reproduce the spectral energy distribution of compact starbursts with a possible AGN contribution. tion of the eastern nucleus with a clear extension towards the west. The distribution of emission is very similar to that of the molecular gas (Iono et al. 2004 , Yun et al. 1994 .
IIIZw 35
The radio emission originates from the more northerly of the 2 optical nuclei. IRAS 03359+1523 1 .
′ 5 to the south of this object there is a 15.4 mJy radio source. IRAS 03359+1523 itself emits only 19.4 mJy at 1.4 GHz. Rather than reducing the IRAS fluxes by nearly a factor of two we choose to exclude this object from the analysis of paper 2.
UGC 4881
We detect two sources in this object at the same locations as those revealed in the 8.4 GHz observations of Condon et al. (1991a) . The more easterly component is the brighter and accounts for ∼ 70% of the total flux detected, which is similar to the flux ratio at 8.4 GHz. UGC 5101 A 12.3 mJy radio source lies 1 ′ to the north-east. IRAS fluxes reduced by 8%.
IRAS 10173+0828
The sub-arcsecond 15 and 22.5 GHz observations of show an unresolved nuclear source.
UGC 6436
The NVSS shows that a companion galaxy, IC 2810b, located 1 .
′ 2 to the south-east has a flux of 7.7 mJy compared to the 19.4 mJy of UGC 6436. This would be confused at IRAS resolutions and so the IRAS fluxes have been reduced by 26%. No other observations were at so low a resolution as to make contamination from this source a problem.
Arp 299
Actually a close interacting pair consisting of NGC 3690 and IC 694.
IRAS 12112+0305
A source 2 .
′ 4 to the south-east has a 1.4 GHz flux of 5.1 mJy compared to the 23.3 mJy emitted by IRAS 12112+0305. IRAS fluxes reduced by 15%. UGC 8387 Our 22.5 GHz map shows an unresolved source but the higher resolution 8.4 GHz radio continuum map of Condon et al. (1991a) shows an elongated structure with an extent of ∼ 4 ′′ . Clemens & Alexander (2004) find that free-free absorption flattens the radio spectral index towards the centre of the source showing there to be a large region of dense ionized gas.
The 22.5 GHz flux for this source may be incorrect. The calibrator flux for this source was only about half that reported in the VLA calibrator database. IZw 107 Our 8.4 GHz map shows that the extended emission seen at 22.5 GHz is due to the presence of 2 sources separated by 8 ′′ .
Arp 220 resolved the compact radio emission into separate supernova remnants and subsequent, high sensitivity VLBI monitoring of both nuclei has now succeeded in obtaining a direct estimate of the supernova rate (Lonsdale et al, 2006 ) of 4 ± 2 yr −1 . The implied star formation rate is sufficient to supply the bolometric luminosity of the system.
NGC 6286
The radio structure at 22 and 8 GHz is elongated in the same sense as the optical, edge-on disk. A weak source (NGC 6285) is present 1 .
′ 5 to the north-west and this is detected in our 8.4 GHz data but is undetected in our 22.5 GHz map. The IRAS fluxes were reduced by 6% to remove the probable contribution of NGC 6285.
Mrk 331
See Prouton et al. (2004) . Table . 1. Radio fluxes. Fig. 3 . Contour maps for the archival VLA data. In brackets after the name of the source is the name of the radio frequency band; L (1.4 GHz), C (4.8 GHz), X (8.4 GHz), U (15 GHz), K (22.5 GHz). Contour levels are 2 −n x i /2 where x = 0, 1, 2, . . . The dotted contour has the same absolute value as the first contour but is negative. The value of n for each contour map is included in table 3. The synthesized beam is shown in the bottom left of each panel. Fig. 4 . The radio spectra of the sample galaxies from 100 MHz to 100 GHz. The lower left panel shows the mean spectrum of all the sources scaled so that the 1.4 GHz flux is 0.1 Jy.
Fig. 5.
Relationship between radio spectral index at various frequencies and the logarithmic FIR-radio flux density ratio q, defined as q = log(FIR/3.75 × 10 12 Hz)/S, where S is the radio flux in units of W m −2 Hz −1 . The top panels show the radio spectral index as a function of q measured at 1.4 GHz and the bottom panels show the radio spectral indices as a function of q measured at 8.4 GHz. The left-most panels show the radio spectral index over the whole range from 1.4 to 22.5 GHz while the remainder show the spectral indices over a more restricted range.
